DNA sequencing and phylogenetic analysis of rRNA genes obtained by PCR amplification of genomic DNAs extracted from environmental samples have led to reports of an immense diversity of undiscovered microorganisms (1-3, 6, 7, 12, 13, 29, 30) . However, several studies have indicated that a significant fraction of the 16S ribosomal DNAs (rDNAs) could be chimeric as a consequence of PCR coamplification from mixed genomes (9, 16, 18, 26) . Because of the explosive increase in the number of entries into public databases of rRNA sequences retrieved from environmental samples by PCR, a quantitative assessment of this problem is needed.
In a previous study (26) , we investigated the contributions of several PCR parameters to the formation of chimeric molecules. We used a simple model in which pairs of cloned 16S rDNA fragments were mixed for PCR coamplification. However, we did not establish whether similar PCR conditions resulted in comparable or higher levels of chimeric molecule formation when 16S rDNAs were amplified from mixed genomes.
In this study, we employed an improved model in which 16S rRNA genes were amplified from mixed bacterial genomes instead of from pairs of cloned 16S rDNAs. We PCR amplified the 16S rRNA genes from a mixture of eight actinomycete genomes from species whose 16S rRNA sequences had been previously determined. We cloned the PCR fragments and obtained both 5Ј-and 3Ј-end sequences from a large number of randomly selected clones. The 5Ј-and 3Ј-end sequences, together with the corresponding sequences of the eight reference bacterial species, were used separately to generate two dendrograms. The cluster patterns of the two trees were compared, and a 16S rDNA clone was identified as chimeric if its two ends were placed into different species clusters. The complete nucleotide sequences of such clones were then determined, and the chimeric nature of the clones was confirmed when multiple-sequence alignments were analyzed.
Most bacteria have multiple copies of rRNA genes, and the sequences of these copies have commonly been found to be heterogeneous. The sequences of different copies of the smallsubunit rRNA genes of an organism may differ by up to 6.5% (10, 28) . During PCR amplification of the rRNA genes, the formation of chimeric sequences between different copies is also likely to occur. However, this problem has not been addressed before. In a previous study, the complete sequences of all four 16S rRNA copies of the actinomycete Thermobispora bispora were determined, and two distinct types of 16S rRNA genes were found, with each type consisting of two copies (28) . In this study we used the genomic DNA of T. bispora to demonstrate and quantify the frequency of intercopy chimeric molecule formation.
MATERIALS AND METHODS
Organisms used in this study and culture conditions. The organisms used in this study were purchased from either the Institute for Fermentation (Osaka, Japan) or the Japan Collection of Microorganisms (Wako, Japan). The strains used were Streptomyces griseus subsp. griseus JCM4644, Saccharopolyspora hordei JCM8090, Pilimelia terevasa JCM3091, Micromonospora chalcea JCM3031, Actinomadura madurae IFO14623, Microbispora bispora JCM3082, and Microtetraspora pusilla IFO14684. The media and culture conditions used were the media and culture conditions described by the suppliers. A Pseudonocardia sp. strain was isolated by workers in our laboratory (unpublished data).
Preparation of genomic DNA. Mycelia of actinomycete strains were harvested by centrifugation at 3,600 ϫ g for 5 min in a model 5410 C microcentrifuge (Eppendorf, Hamburg, Germany). Approximately 200 l of wet mycelia was transferred to a 1.5-ml Eppendorf microcentrifuge tube. Mycelia were resuspended in 500 l of lysozyme buffer containing 25 mM Tris-Cl (pH 8.0), 50 mM glucose, 10 mM EDTA, and 5 mg of lysozyme (Sigma) per ml and incubated at 37°C for 30 min. After lysozyme digestion, sodium dodecyl sulfate was added to a final concentration of 1%, and the tubes were incubated at 65°C for 30 min. The cell lysate was extracted twice with an equal volume of phenol and once with chloroform-isoamyl alcohol (24:1). Nucleic acid was precipitated with 1 volume of isopropanol at room temperature until a threadlike precipitate appeared. After centrifugation, the nucleic acid was resuspended in 100 l of 10 mM Tris-1 mM EDTA (pH 7.5) containing 100 g of DNase-free RNase A (Sigmal) per ml and incubated at 37°C for 30 min. Knowing that extensively fragmented DNA would also contribute to chimeric molecule formation (21), we carefully isolated the genomic DNAs to minimize mechanical shearing. The sizes of the genomic DNAs were confirmed to be greater than 50 kb (data not shown).
Oligonucleotides for PCR and sequencing. The two universal primers used for PCR amplification of nearly complete 16S rRNA genes were primer U5Ј (5ЈTTA CCT GAT AGC GGC CGC AGA GTT TGA TCC TGG CTC AG3Ј; nucleotides 8 to 27 of the Escherichia coli 16S rRNA gene) (4) and primer U3Ј (5ЈTAC AGG ATC CGC GGC CGC TAC GG[C/T] TAC CTT GTT ACG ACT T3Ј; nucleotides 1492 to 1513) (the underlined sequences are cleavage sites of restriction enzyme NotI) (Fig. 1) . The nonspecific nucleotides on the 5Ј side of the NotI site were included for efficient cleavage by NotI. The ends of cloned 16S rDNAs were sequenced by using the M13 forward sequencing primer 5ЈGTT TTC CCA GTC ACG AC3Ј and reverse primer 5ЈGCG GAT AAC AAT TTC ACA CAG G3Ј. The internal regions were sequenced in both orientations by using eight oligonucleotide primers whose target sequences were derived either from previous reports (27) or from alignment of 16S rRNA gene sequences of many actinomycete species; these primers were 5ЈGCC TAT CAG CTT GTT GGT3Ј (nucleotides 239 to 256), 5ЈCGT GCC AGC AGC CGC GGT3Ј (nucleotides 514 to 531), 5ЈTAG ATA CCC TGG TAG TCC3Ј (nucleotides 789 to 806), 5ЈCCG CAA CGA GCG CAA CCC3Ј (nucleotides 1097 to 1114), 5ЈTAC CGC GGC (G/T)GC TGG CAC3Ј (nucleotides 532 to 515), 5ЈGGA CTA CC(A/C/G) GGG TAT CTA AT3Ј (nucleotides 806 to 787), 5ЈGGG TTG CGC TCG TTG CGG3Ј (nucleotides 1114 to 1097), and 5ЈACG GGC GGT GTG TAC (nucleotides 1406 to 1392). Oligonucleotides were synthesized by Oligos Etc., Inc.
PCR amplification of 16S rRNA genes. We chose PCR conditions similar to those used by most researchers for amplification of complete 16S rRNA genes (as described in references 2, 3, 9, 13, 18, and 24). Each PCR mixture contained 20 pmol of each of the two universal primers, 200 M dATP, 200 M dGTP, 200 M dCTP, 200 M dTTP, 2.5 U of Taq DNA polymerase (Amersham), and 1ϫ buffer (the buffer provided with Taq DNA polymerase). The final volume was 100 l. After a hot start at 95°C for 5 min, the PCR program included cycles consisting of 95°C for 30 s, 52°C for 30 s, and 72°C for 2 min. We mixed the genomic DNAs in equal amounts and used 10 ng as a template for 25 or 30 cycles of PCR amplification of the entire 16S rRNA gene preparation. The PCR products were purified with a QIAquick Spin PCR purification kit (QIAGEN) and were quantified by using the FastCheck nucleic acid quantification system (GIBCO BRL).
Cloning and sequencing of 16S rDNA. The purified PCR products of 16S rRNA genes were digested with NotI (Amersham) and cloned into plasmid Bluescript SK (Stratagene). E. coli DH5␣FЈ cells (GIBCO BRL) were prepared and transformed as described previously (19) . Recombinant clones were picked and grown in 2 ml of Luria-Bertani medium overnight, and the recombinant plasmid DNA was prepared by using a miniplasmid preparation kit (QIAGEN).
Cloned 16S rDNAs were sequenced in both orientations by using an Amersham Sequenase kit (version 2.1).
Slot blot hybridization. A slot blot hybridization experiment was carried out as described previously (18, 25) . The nucleotide sequences of the hybridization probes used (Fig. 1A ) are as follows: T1L, 5ЈCCG CAC CTT CGG GTG TGG3Ј (nucleotides 76 to 93); T1R, 5ЈGGG TTA TGC CGG GCA CTC3Ј (nucleotides 1122 to 1140); T2L, 5ЈCCG CAC TCT TTT GGG TGT3Ј (nucleotides 76 to 93); and T2R, 5ЈACG CCC CTT GTG GGG TGG3Ј (nucleotides 1122 to 1140). The numbering of nucleotide positions is the numbering used for previously published sequences (28) .
Sequence alignment and tree construction. Multiple alignment of sequences, calculation of sequence similarities, and construction of phylogenetic trees were carried out by using the DNASTAR program (DNASTAR Inc.).
Statistical analysis. The statistical significance of the difference between the expected and observed numbers of clones was determined as follows. The standard deviation (SD) of the expected probability (P) of clones from one actinomycete species or one type of 16S rRNA gene when a total of n clones was examined was equal to the square root of P(1-P)/n (5), and the confidence limits for P were defined as P Ϯ Z ␣/2 SD(P). RESULTS PCR coamplification of 16S rRNA genes from mixed bacterial genomes. We selected eight actinomycete species whose 16S rRNA sequences had been determined previously. The 16S rRNA sequences of most of these organisms, which were members of different genera, were less than 90% similar; the only exception was the Micromonospora chalcea and P. teravasa sequences, which were 94% similar ( Table 1 ). The generally distant phylogenetic relationships should have allowed unambiguous identification of chimeric molecules consisting of segments from two different species. After the rDNAs amplified from the mixed genomes were cloned, 50 clones from each PCR experiment were randomly picked, and 300 nucleotides from both ends of each clone were determined. The 5Ј-and 3Ј-end sequences were aligned separately with the corresponding sequences of the eight actinomycetes to construct dendrograms. Figure 2 shows the two trees for the 16S rDNA clones from the 30-cycle PCR amplification experiment. These trees have no scale and are used only to reveal cluster patterns. Sixteen clones (32%) were identified as chimeric because their FIG. 1. Detection of chimeric molecule formation by hybridization. (A) Schematic illustration of the strategy used. Two pairs of oligonucleotide probes were designed for hybridization (positions are indicated by horizontal bars); T1L and T1R were specific for type I 16S rDNA, and T2L and T2R were specific for type II 16S rDNA. During PCR amplification of 16S rDNA with the two universal primers, U5Ј and U3Ј (arrows), any recombination between the two types of molecules occurring within the region confined by the hybridization probe's binding sites generated detectable chimeric molecules. See the text for the sequences of the oligonucleotides. (B) Example of hybridization results. Clones of the PCR-amplified 16S rDNA were slot blotted onto four duplicate membranes, and each membrane was hybridized with one of the four probes. The clones that showed hybridization with T1L and T2R or T2L and T1R were considered chimeric. The probe used for each membrane is shown at the top. The clones that did not hybridize with any of the four probes did not contain 16S rDNA. two ends showed affiliations with different reference species. For example, clone 20 had a 5Ј end that aggregated with Streptomyces griseus but a 3Ј end that clustered with P. terevasa. The 5Ј-end sequences of clones 17 and 38 clustered with Micromonospora chalcea and Microtetraspora pusilla, respectively, but their 3Ј-end sequences were not clearly affiliated with any reference species. In a similar analysis of the clones from products of the 25-cycle PCR amplification, six clones (12%) were found to be chimeric (trees not shown). We found two clones and one clone that did not contain 16S rDNA inserts from the 50 random clones from the 25-and 30-cycle amplification experiments, respectively.
To confirm the chimeric nature of the clones, we determined the complete nucleotide sequences of 10 clones (clones 17, 28, 30, 38, 44, 45, and 46 from the 30-cycle PCR and clones 30, 35, and 43 from the 25-cycle PCR). Each sequence was then aligned with several 16S rRNA sequences of species belonging to the two genera corresponding to the component segments of the chimeric molecule. The alignment was visually scanned to search for, along the chimeric molecule, shifting of nucleotides from signatures that characterize one genus to signatures that characterize another genus. Figure 3 shows an alignment of the sequences of two regions of chimeric clone 28 with the sequences of the actinomycete species specified by its two ends. From nucleotide 96 to nucleotide 144, clone 28 possessed all of the nucleotides that characterize Streptomyces species, while from nucleotide 953 to nucleotide 1012 it contained all of the bases specific to Micromonospora species. Such nucleotide signature shifting was clearly observed in the sequences of all 10 clones. The multiple-sequence alignment revealed that clone 17 consisted of segments from Micromonospora chalcea and P. terevasa and that clone 38 consisted of segments from Microtetraspora pusilla and Saccharopolyspora hordei. The ambiguous positions of the 3Ј-end sequences of the two clones in the 3Ј-end tree were found to be due to the occurrence of recombination within the last 300 bases of the 16S rDNA. In the other eight clones, the recombinations appeared to take place toward the middle of the fragments. However, the exact site of recombination could not be determined because the recombinations usually occurred within a region with very high sequence similarity.
The CHECK_CHIMERA program of the Ribosomal Database Project (17) identified 8 of the 10 clones as chimeric without ambiguity, because the component segments of these clones were from distantly related species. However, the program failed to identify clones 17 and 45 as chimeric because they contained segments from two closely related species, Micromonospora chalcea and P. terevasa.
We observed a markedly skewed ratio of 16S rDNA clones from different actinomycetes. Table 2 summarizes the numbers of 16S rDNA clones from different organisms. We found 52 clones (results of the 25-and 30-cycle amplification experiments combined) that contained sequences from Streptomyces grisieus, but no clone that contained 16S rDNAs from T. bispora and Saccharopolyspora hordei. Since the genomes of Streptomyces griseus and T. bispora are known to contain six and four copies of 16S rRNA genes, respectively (14, 28) , the observed ratio of 52:0 for the numbers of 16S rDNA clones is statistically unlikely (P Ͻ 0.01) if different 16S rRNA genes were amplified equally. Before the genomic DNAs were mixed, all of the templates were tested separately and found to produce similar amounts of amplified 16S rDNA and comparable numbers of 16S rDNA clones (data not shown).
PCR coamplification of different 16S rRNA gene copies from a single genome. To demonstrate and quantify recombinations between different copies of the 16S rRNA gene in a single genome in the process of PCR amplification, we chose the actinomycete T. bispora as a model. T. bispora has two types of 16S rRNA genes which differ at 6.4% of the nucleotide positions, and there are two nearly identical copies of each type (28) . Since only two types of molecules were studied, we used a hybridization-based method to detect chimeric molecules, as shown in Fig. 1A . Since we were limited by the selection of type-specific hybridization sites, we could quantify only the chimera formation occurring in an approximately 1-kb region. Figure 1B shows the hybridization results. Clones that hybridized with T1L and T2R (clones A4, B11, and D1) or with T2L and T1R (clones B1, A10, and D6) were identified as chimeric. These chimeric clones were subsequently confirmed by sequence analysis. Table 3 
15.5% were observed, respectively. Table 3 also shows that the ratios of type II to type I 16S rDNA clones ranged from 2 to 4. A statistical analysis showed that it is highly unlikely that the skewed representation of clones with the two types of 16S rRNA genes could have resulted from unbiased amplification (P Ͻ 0.01).
DISCUSSION
The model used in this study is different from the previous model (26) in the following two respects. First, the template 16S rRNA genes were part of the entire genome; and second, the 16S rDNAs were amplified from a mixture of different genomes. This model provides new information, such as the frequency of formation of chimeras between different templates and biased amplification of genes in a single PCR. The results presented here have implications for studies in which PCRs are used to directly isolate 16S rDNAs from complex environmental samples.
A chimeric molecule is generated when a DNA fragment of one gene anneals with a homologous template to prime the next cycle of DNA synthesis. Prematurely terminated DNA strands, especially in later cycles of PCR, have been shown to be the main cause of chimera formation (26) . We also demonstrated that when only two homologous sequences were coamplified, the frequency of chimeric molecule formation was much lower than the frequency of recombination because of frequent reannealing of DNA fragments with DNA strands from identical molecules. Thus, we hypothesized that during PCR coamplification of a large number of homologous DNA sequences in which each sequence accounts for only a minute fraction of the total number of sequences, a DNA fragment would rarely reanneal with strands from identical molecules and the recombination events would be maximally expressed as chimeric molecules. This hypothesis is strongly supported by two observations made in this study. First, in the products of the 30-cycle PCR coamplification from the mixed genomes, we detected 32% chimeric molecules. This frequency is much higher than the frequencies of 12.9 to 14.7% detected in the products of PCR coamplification from two templates that had approximately 85% sequence similarity (26) . Second, we observed highly skewed ratios of clones from different 16S rDNAs, and it appeared that the fraction of chimeras in the less frequent 16S rDNAs was markedly higher than that in the abundant 16S rDNAs. For example, 8 of the 32 clones whose 5Ј end was identified as a Streptomyces griseus sequence had a 3Ј end belonging to another species. In striking contrast, all three clones with Microtetraspora pusilla 5Ј ends had 3Ј ends from other species, and three of four clones with Micromonospora chalcea 5Ј ends had 3Ј ends from different species. This result is in agreement with our previous experimental results which demonstrated that nearly all of the less abundant 16S rDNA molecules were involved in chimera formation when two templates were mixed at 1:5 and 1:10 ratios for 30 cycles of PCR coamplification.
The highly skewed ratios of 16S rDNA clones from different rRNA genes observed in our experiments were most likely a consequence of preferential PCR amplification of genes, which is a well-known phenomenon (8, 20, 22, 25) . In extreme cases, amplification of the 16S rRNA gene from one genome could be completely inhibited by the presence of another genome (20, 22) . Suzuki and Giovannoni (25) described one type of biased PCR amplification in which the ratio of two coamplified genes changed as a function of PCR cycles toward 1:1 in the final PCR products regardless of the initial proportions of the templates. However, in our study, this type of bias was not observed. Many factors could contribute to preferential amplification, such as different GϩC contents, different folding of the template DNAs, and different ratios of templates (8, 11, 20, 25) . Obviously, no PCR conditions can be optimized for amplification of all 16S rRNA genes in a complex mixture. However, one should be aware that biased amplification may lead to distorted representation of microbial community structures in the ecosystems under study and may increase the frequency of chimera formation occurring with the less amplified or less abundant genes, as described above.
16S rRNA genes are routinely retrieved by PCR from pure cultures of organisms for sequencing and subsequent phylogenetic analyses. An organism usually contains multiple copies of heterogeneous rRNA genes (10, 28) . The phylogenetic position of an organism sometimes cannot be ascertained as the rDNA sequences of different copies may fall in different clades on the phylogenetic tree (10) . The intercopy chimera formation observed in this study should certainly add to the ambiguity for taxonomic identification. We detected about 11.1 and 15.5% chimeric molecules as a result of 30 and 35 cycles of PCR coamplification of the two types of 16S rRNA genes of T. bispora. The relatively low frequencies can be explained by the short region over which chimera formation was detected. The extent of intercopy chimera formation in PCR amplification experiments is a function of the number of copies per genome and the levels of sequence heterogeneity between the different rRNA genes.
The use of PCR in the study of microbial diversity has successfully revealed the existence of many novel organisms that cannot be isolated by traditional culture-dependent techniques (1-3, 6, 7, 12, 24, 29, 30) . However, the extent of chimeric molecule formation during PCR amplification of conserved genes from complex environmental DNA samples deserves serious attention. Many artifactual sequences may have been deposited in the public databases without being noticed, because there is no fail-safe way to detect all chimeric sequences (15, 16, 23, 26) . Computer software programs, such as CHECK_CHIMERA (17) , have been the main tools used for the identification of chimeric sequences. However, such programs may not detect chimeras when the component se- a The numbers in parentheses are the expected numbers of clones if the PCR amplifications from the two types of 16S rRNA genes were equal, and the P values indicate the probability of the observed numbers of clones.
quences of the chimeras are derived from closely related organisms (15, 23) . The presence of chimeric sequences in the databases may further reduce the usefulness of a program which depends on comparison of an input sequence with all sequences in the databases. Accumulation of artifactual sequences may compromise the quality of the databases and lead to wrong phylogenies for organisms and misinterpretation of the extent of microbial diversity. To prevent potential damage to the databases, it would be wise to keep the sequences retrieved from environmental DNA samples by PCR in a separate category in the databases. Meanwhile, workers need to study factors that may cause chimeric sequences and biased amplification, to improve experimental conditions to minimize the problems of PCR, and to develop more sensitive computer programs for identification of chimeric molecules.
